Tribological performances are significantly affected by the tribo-chemical reaction of the mating materials, while the effect on the B 4 C film under high relative humidity conditions are poorly investigated. Therefore, fiction tests of three tribo-pairs (B 4 C/WC, B 4 C/steel and B 4 C/Al 2 O 3 ) under 85 % RH with various normal loads and sliding frequencies were performed. The results show that the B 4 C/WC tribo-pair exhibits excellent tribological properties, including very stable friction curves, minimum friction coefficients & wear rates, maximum carrying-load capacity and the smallest fluctuations with the change of the normal load. Similar results have been obtained for the B 4 C/WC tribo-pair with the increase in the sliding frequency. This is mainly attributed to the oxidation of WC to form WO 3 that is conducive in enhancing the tribological performances. Therefore, the sliding contact of B 4 C/WC is the desirable design for engineering applications under high relative humidity.
INTRODUCTION
Boron carbide (B 4 C), one of the most important engineering ceramics, has been extensively used in various industrial fields of cutting tools [1] , nozzles [2] , astronomical applications [3] , ballistic armour [4] , thermal neutron detectors [5] and as an enhancing phase in alloys [6] [7] [8] , because its special atomic structure and composition lends itself to outstanding physical and mechanical properties [9] [10] [11] [12] [13] , such as a high melting point (2450 ℃), high hardness (30 ~ 45 GPa), excellent chemical inertness, low density (2.52 g•cm -3 ) and strong absorption neutron ability. Nevertheless, the high friction coefficient of B 4 C (0.4 ~ 0.9) seriously impedes its further application.
Based on this situation, several strategies have been adopted to reduce the friction coefficient, such as a pre-heat treatment [14] , increasing the relative humidity (RH) [15] [16] [17] and adding additives [18] [19] [20] [21] . Erdemir et al. [14] reported that boron oxide (B 2 O 3 ) and boric acid (H 3 BO 3 ) were formed on the hot-pressed B 4 C surface after an annealing treatment, and hence the annealed B 4 C achieved a much lower friction coefficient (0.03 ~ 0.05). Larsson et al. reported that with relative humidity increasing from 20 % to 100 %, the friction coefficients of the hot isostatically pressed B 4 C decrease from ~0.4 to ~0.12 and the wear rates decrease from 10 -2 mm 3 ·m -1 ·N -1 to 10 -4 mm 3 m -1 ·N -1 . Cuong et al. [22] investigated the influence of the relative humidity on the friction and wear behaviours of B 4 C films and revealed that a lower friction coefficient and a higher wear resistance were achieved under a higher relative humidity. Li and Gao et al. [19] investigated that the effect of the hBN content on the tribological characteristics of B 4 C-hBN, and found that the B 4 C pin/B 4 C-20 wt. % hBN disc tribo-pair achieved the best overall tribological performances under a sliding condition with 50 ± 10 % RH. Using AISI 52100 steel as a disc, they [20] further studied the effect of the hBN content under the sliding condition and found that the lowest friction coefficient and wear rates of the pin and disc were obtained for the B 4 C-10 wt. % hBN pin/steel disc tribo-pair. In addition, they [21] also studied the tribological properties of B 4 C-hBN under water lubrication, and found that the B 4 C-20 wt. % hBN pin/AISI 321 steel disc tribo-pair achieved a super low friction coefficient of about 0.008 after a sliding distance of about 500 m.
Tribological performances are significantly affected by the mating materials, which could lead to different tribological behaviours under the same condition.
However, the influence on the B 4 C film is poorly investigated, because the previous studies only selected a single tribo-pair, and just paid close attention to the tribo-chemical reactions of B 4 C, but lost sight of the mating materials. According to the reported investigations, however, some interesting phenomena are still found. Friction and wear experiments of hot-pressed B 4 C sliding against 440C steel [14] and ZrO 2 [23] in the open air with 50 ± 5 % RH were studied by Erdemir et al. and the friction coefficients are 0.6 ~ 0.7 and 0.3 ~ 0.4, respectively. In a previous work [17] , we performed tribological tests on B 4 C films sliding against different mating materials and found that the tribological performances of the B 4 C/WC tribo-pair is much better than those of the B 4 C/Al 2 O 3 and B 4 C/steel tribo-pairs under 55 ~ 85 % RH conditions. High relative humidity (85 % RH) is one of common and important engineering application conditions, in which friction systems often operate at different normal loads and sliding speeds (or frequencies). However, previous friction tests [17] under 85 % RH only performed under a single normal load and speed (2 N and 5 Hz). And hence, it is necessary to further investigate the effect of the mating material on the tribological performances of the B 4 C film under a high relative humidity (85 % RH) with various normal loads and sliding frequencies.
In this brief investigation, we further performed the friction tests on the B 4 C film under 85 % RH condition, focusing on the effects of the mating material, normal load and sliding frequency. Three mating materials were applied: a tungsten carbide (WC) ball for its excellent mechanical properties, an AISI 52100 steel ball for its wide applications and an alumina (Al 2 O 3 ) ball for its outstanding chemical inertness. The B 4 C/WC tribo-pair exhibits excellent comprehensive tribological properties, and hence, it is the desirable design for high humidity engineering applications.
EXPERIMENTAL
The amorphous B 4 C films about 1.46 μm thick were prepared on polished AISI 304 stainless steel plates by sputtering one B 4 C target and two Cr targets using a closed field unbalanced magnetron sputtering equipment (UPD 650, Teer Coatings Ltd). In addition, a thin Cr interlayer about 200 nm was deposited on the top surface of the substrates to improve the adhesion. The specific deposition parameters and properties of the B 4 C film (shown in Table 1) were described in our previous article [17] .
Friction and wear tests of the B 4 C film under high relative humidity (85 % RH) were carried out on a ballon-disk tribometer (CSM) in a reciprocating mode. Prior to the tribological tests, the samples and counter balls were cleaned with ethanol in an ultrasonic bath. All the tests were tested for 10000 revolutions, at room temperature and with a stroke length of 5 mm. The Al 2 O 3 , Steel and WC ball with a radius of 3 mm were applied in the friction tests and those properties are shown in Table 2 . With the frequency of 5 Hz, normal loads were maintained at 1, 3, 5, 7, 10 and 15 N, and the corresponding Hertzian contact pressures are shown in Table 3 . At a normal load of 5 N, the frequencies were set as 1, 3, 5 Hz. Each experiment was performed at least three times to check the reliability of the tribological behaviours.
After each sliding test, the average disc wear loss with the corresponding standard deviations was obtained from at least three locations by an optical profiler (KLA Tencor D-100), and then the specific disc wear rate [disc wear loss / (normal load × total sliding distance)] was calculated. The surface characterisations of the disc wear track and ball wear scars were performed on a scanning electron microscope (SEM, JSM-5600LV) with an energy dispersive spectrometer (EDS). 
RESULTS AND DISCUSSION
Friction tests performed under various normal loads and frequencies Figure 1a shows the frictional curves of the B 4 C/ WC tribo-pair at different loads with 85 % RH. They are very stable throughout the normal load range and share a common feature: those curves start with low values and then increase to peaks, finally rapidly reaching steadystate values. It is seen from Figure 1b that the stable friction coefficients decrease at first and then increase, and the minimum value (~ 0.10 ± 0.01) is obtained at 5 N. Besides, the wear rates just fluctuate in a small range of 4.55 ± 0.28 ~ 5.94 ± 0.29 × 10 -7 mm 3 ·m -1 ·N -1 as the normal load increases from 3 N to 15 N. Figure 2a presents the frictional curves of the B 4 C film sliding against the steel ball with various loads under 85 % RH. The frictional curves share a different run-in behaviour from the B 4 C/WC tribo-pair: they drop directly to its steady stage after a short running in period (500 runs or even less). In addition, the B 4 C film fails at ~ 6500 cycles at the normal load of 10 N. It is observed from Figure 2b that the stable friction coefficients and wear rates at first decrease and then increase. At the normal load of 5 N, the B 4 C/Steel tribo-pair achieves the lowest friction coefficient (0.14 ± 0.02) and wear rate (7.12 ± 0.18 × 10 -7 mm 3 ·m -1 ·N -1 ). Figure 3a exhibits the frictional curves between the B 4 C film and Al 2 O 3 ball under various loads with 85 % RH. They share a similar run-in behaviour with the B 4 C/Steel tribo-pair. Moreover, the friction coefficient of 7 N at ~8700 revolutions presents a sudden rise to 0.55, suggesting that the film was worn through. As shown in Figure 3b , as the applied load increases, both the stable friction coefficients and wear rates decrease at first and then increase, and the minimum friction coefficient (0.12 ±0.01) and wear rate (19.1 ± 2.43 × 10 -7 mm 3 ·m -1 ·N -1 ) are obtained at 3 N. 
DISCUSSION
The average friction coefficients and wear rates under various normal loads and sliding frequencies are shown in Figure 10 to more conveniently compare the tribological performances of each tribo-pair. As shown in Figure 10a , the B 4 C/WC tribo-pair achieves the minimum friction coefficient and wear rate and the smallest fluctuation with the change in the normal load. In addition, from the above, the B 4 C/WC tribo-pair also possesses very stable frictional curves and the lowest initial friction coefficient and maximum load-carrying capacity. As show in Figure 10b , the B 4 C/WC tribo-pair also obtains the lowest friction coefficient and wear rates. Therefore, the B 4 C/WC tribo-pair presents the best comprehensive tribological performances and is the desirable design for high humidity engineering applications.
As shown in Table 4 , the comparison with present and previous tribological data provides a good insight into choosing suitable mating balls for boron carbide. In the case of B 4 C bulk [14, 23, 24] , it is found that the B 4 C bulk sliding against the WC ball achieves the minimum friction coefficient under the 50 % RH condition. In the case of B 4 C film [17] , the B 4 C/WC friction pair also obtains the lowest friction coefficient and the wear rate under the 55 % RH condition. In the present investigation, the B 4 C/WC friction pair under 85 % RH with different normal loads achieves the lowest average friction coefficient and wear rate than those of the B 4 C/Al 2 O 3 and B 4 C/steel friction pairs. The friction coefficients of references [15, 16] are basically consistent with those of the B 4 C/Al 2 O 3 and B 4 C/steel friction pairs, but the wear rates are 19.8 and 7.6 times as much as those of the B 4 C/Al 2 O 3 and B 4 C/steel friction pairs, respectively. In particular, the wear rates of the references [15, 16] are 35.6 times higher than that of the B 4 C/WC friction pair. Therefore, the sliding contact of the B 4 C film deposited by unbalanced magnetron sputtering technology sliding against the WC ball is a promising candidate for high relative humidity engineering applications.
The B 4 C films rubbing against three counterparts under the same conditions present different friction and wear behaviours, due largely to the tribo-chemical reactions of the mating materials. During the friction tests under the 85 % RH condition, the oxidation product of WO 3 can act as a "lubricant", and then a thin tribo-chemical film containing WO 3 can be formed on the sliding interfaces. This is propitious to reduce the fric-tion coefficient and enhance the wear resistance [25] [26] [27] . While the steel ball was oxidised to form Fe(OH) 3 which could bring about the strong adhesion at the sliding interfaces [28] , and, further, results in a higher average friction coefficient of the B 4 C/steel tribopair. Moreover, the other oxidation products of Fe 2 O 3 and Fe 3 O 4 could act as ''abrasives'', which would lead to the relative higher average wear rates than that of the B 4 C/WC. For the B 4 C/Al 2 O 3 tribo-pair, the reaction rate of Al 2 O 3 with H 2 O is very low, due to much lower free energies for the formations of aluminium trihydroxide (about 25.9 kJ•mol -1 ) and aluminium hydroxide (about 21.6 kJ•mol -1 ) [29] . And Al 2 O 3 (a Lewis acid) has often been used as a catalyst for the degradation of hydrocarbon polymers [30, 31] , which could bring about the degradation of the DLC film [28] . Similar degradation might also occur on the B 4 C film, i.e., lots of abrasive grains and many small cracks inside the disc wear track (shown in Figure 9a ). And hence, the B 4 C/Al 2 O 3 tribopair achieves the highest average friction coefficient and wear rate.
Here we discuss the influence of the normal load (contact pressure) on the tribological performances. According to the Hertzian elastic contact model, the friction coefficient μ of the ball-on-disk mode can be expressed as a function of the normal load F N : (1) in which S 0 is the interfacial shear strength of the friction pair at zero load, E* is the composite elastic modulus of the friction pair, R is the radius of the counter ball and the constant α represents the pressure dependence of the shear strength [32, 33] . In the range of elastic deformation, Equation 1 suggests that the coefficient of friction decreases when the applied load increases. Once high contact pressure results in the plastic deformation of the substrate material, Jungk et al. [34] proposed that the friction coefficient will increase with the increase 
in the normal load. The critical contact stress, only related to the mechanical properties of the given tribopair, should be a constant in the specific environment. Therefore, with the increase in the normal load, the friction coefficients of the three friction pairs increase at first and then decrease.
The temperature of some contact points can rise to several hundred degrees due to the micro-roughness of the contact surface and the heat generated by the friction. The faster sliding frequency is, the higher the probability of the friction repetition at the same point, and the shorter time for heat diffusion is, and, thus, it will be a higher temperature, which is propitious to the tribo-chemical reaction of the B 4 C films and mating balls. For the B 4 C/WC tribo-pair and the B 4 C/Steel tribopair, the tribo-chemical products can produce a smooth surface and avoid the direct contact with the friction pair, which could lead to fewer abrasive particles and then effectively reduce the friction coefficient and wear rate. There is no tribo-chemical reaction for Al 2 O 3 , thus, the friction coefficient and wear rate are less affected by the sliding frequency, and only slightly decrease.
CONCLUSIONS
From the above, the tribo-chemical reactions of the counterpart balls have a significant influence on the tribological behaviours of the B 4 C film under 85% RH with various normal loads and sliding frequencies and the conclusions are as follows:
• The B 4 C/WC tribo-pair presents the outstanding comprehensive tribological performances, including the minimum friction coefficients & wear rates, maximum load carrying capacity and the smallest fluctuation with the change in the normal load and sliding frequencies. This is mainly attributed to the tribo-chemical product of WO 3 .
• With an increasing normal load, the friction coefficients and wear rates of each tribo-pair decrease at first and then increase. The lowest values are obtained at 5 N (WC), 5 N (Steel) and 3 N (Al 2 O 3 ), respectively.
• The friction coefficients and wear rates of each tribo-pair decrease with the increase in the sliding frequency. This is mainly attributed to the fact that the high sliding frequency promotes the tribo-chemical reaction of the B 4 C films and mating balls, which is conducive to the formation of the tribo-chemical films.
